We have isolated host mutants of Saccharomyces cerevisiae in which the 2,um plasmid is poorly maintained. AU the mutants tested constituted one complementation group, which was designated map] (maintenance of plasmid). Minichromosomes carrying a chromosomal replication origin and a centromere were also affected in the mutants. Two types of hybrid plasmids generated in vivo and in vitro appeared to compensate for the mutations and had DNA regions containing multiple ARS (autonomously replicating sequence) or a set of 2,um inverted repeat sequences. These results suggested that poor maintenance of plasmids was due to low levels of replication, probably at the initiation of replication.
The nuclear genome of Saccharomyces cerevisiae is organized into 17 chromosomes, each of which replicates once at the S phase during each cell cycle. Replication control and a partitioning mechanism ensure the stability of the genomic constitution. Many autonomously replicating sequences (ARS) have been cloned (9, 21, 36, 37) , and most of them are probably replication origins in each contiguous replicon. Centromeric DNAs which confer stability on chromosomes by donating the partition mechanism to them have also been cloned (10, 17, 35) . However, the mechanisms of DNA replication and partition are largely unknown. In spite of the genetic and biochemical utility of S. cerevisiae, dealing with chromosomal DNA is still difficult.
The 2I,m plasmid of S. cerevisiae is a circular doublestranded DNA containing 6,318 base pairs (bp) (15) . It carries a pair of inverted repeats (IR1 and IR2) consisting of 599 bp which separate two unique sequences. Site-specific recombination between the two IRs results in isomeric and multimeric forms. Nucleotide sequence analysis reveals that there are at least three open reading frames, Able (A), Baker (B), and Charlie (C) (15) . The A protein is required for site-specific recombination and is called the FLP protein (1, 6) . The plasmid is maintained at a copy number of 50 to 100 as an extrachromosomal element in the nucleus (23, 33) , and plasmid DNA is organized into a nucleosomal structure (24, 29, 41) . Furthermore, replication control of this plasmid is similar to that of chromosomal DNA (25) : replication depends on some CDC genes required for chromosomal replication, and each plasmid duplicates itself once per cell cycle (44) . Replication of the plasmid starts at the ORI site located within 75 bp spanning a part of IR1 and the large unique sequence contiguous to it (5, 6 ) and proceeds bidirectionally (22) . For stable maintenance of the plasmid, both B and C proteins, in conjunction with the STB locus on the plasmid, are required (19, 20) . These factors are probably involved in partitioning of plasmid molecules (20) . When the plasmid reduces its copy number, there seems to exist some mechanism for recovering the original copy number (33) .
Our primary interest was to elucidate the replication control in eucaryotic cells, and we chose the 2,um plasmid as a model system to analyze genetically this complex process. Our first step was to isolate mutants defective in some stage of chromosome duplication. In a previous study (39), we constructed pSLel, a derivative of the 2,um plasmid carrying the LEU2 gene and ORI, which is maintained stably in the wild-type host. In this report, we describe the isolation and characterization of chromosomal mutations (mapi) which cannot maintain pSLel stably. We also identified several plasmids generated both in vivo and in vitro which overcame or compensated for the loss of the MAP product. Analysis of the structure of such plasmids suggested the function of the MAP gene in chromosomal replication. Similar mutants were isolated by Maine et al. (26) by using YCp plasmids as selective markers.
MATERIALS AND METHODS
Strains and plasmids. The S. cerevisiae and Escherichia coli strains used in this study are listed in Table 1. YAT274 (leu2 karl MAP') was constructed by cytoducing pSLel from YAT234 to YAT226. pSLel is a self-annealed circular DNA of the 3.2-kilobase (kb) HindIIl fragment from pJDB219 (2) which carries IR1, the origin, and the STB locus of the 2,um plasmid and LEU2. The Leu+ phenotype of YAT274 was quite stable: less than 1% of cells were Leuafter seven generations under nonselective conditions. Construction of hybrid plasmids has been described previously (20) .
Media. SD, YPD, and sporulation media were prepared and used for cultivation of S. cerevisiae (32) . L-broth and M9 media for E. coli were prepared by the method of Miller (28 (14) . Briefly, YAT274 cells grown in 20 ml of SD medium supplemented with histidine were washed with water and suspended in 10 ml of 0.2 M potassium phosphate buffer, pH 8 .0. Then, 0.3 ml of EMS (Kodak) was added, and the suspension was incubated at 25°C for 60 min without shaking. After the cells were washed and suspended in 5 ml of water, one drop of the suspension was distributed to small test tubes containing 1 ml of YPD. The tubes were kept at 25°C overnight without shaking. Each culture was subjected to the concentration procedure for leucine-requiring mutants with nystatin. Genetic analysis, dissection of asci, and scoring genetic markers were carried out as described previously (32) .
Transformation. Preparation of competent cells of E. coli and the procedure for E. coli transformation were described (27) . Yeast transformation was carried out with either protoplasts (16) or competent cells (18) .
Plasmid stability. Plasmid stability was checked qualitatively and quantitatively as described previously (20) .
Isolation and construction of plasmids. For detection of the 2,um plasmid and its derivatives, a plasmid-enriched DNA fraction was prepared (8) from cells grown in 5 ml of YPD overnight and analyzed by 1% agarose gel electrophoresis. Large-scale preparation of yeast plasmids was done as described previously (40) . Plasmid DNA was extracted from E. coli by the alkali lysis method (3) and used for construction and characterization of hybrid plasmids as described previously (20 (30) . Immobilized DNA was prehybridized for 1 h at 42°C with 400 ,ug of denatured fragmented salmon testis DNA per ml in 50% (vol/vol) deionized formamide-0.9 M NaCl-50 mM sodium phosphate (pH 7)-5 mM trisodium EDTA-1% glycine-0.1% polyvinylpyrrolidone. It was then hybridized with [32P]DNA probe at 42°C overnight in 50% formamide-0.9 M NaCl-50 mM sodium phosphate (pH 7)-5 mM trisodium EDTA-0.02% bovine serum albumin-0.02% Ficoll-0.02% polyvinylpyrrolidone-0.3% sodium dodecyl sulfate (SDS)-100 ,ug of denatured fragmented salmon testis DNA per ml. Hybridized bands were located by autoradiography.
RESULTS
Isolation of map mutants. The scheme for the isolation of mutants defective in maintenance of pSLel is described in Materials and Methods. Ninety-seven leucine-requiring mutants were isolated and then classified by complementation tests with the standard leul, leu2, and leu3 tester strains. Among those that were Leu-, 68 were leul mutants, 3 were leu3 mutants, and 21 did not complement the standard leu2 strain. Four isolates did not complement more than one of the tester strains. The 21 mutants which did not complement the leu2 strain could be explained in one of two ways: (i) pSLel was cured from YAT274 during mutagenesis, or (ii) a gene was mutated which was required for maintenance of pSLel. In the second case, we predicted that the endogenous 2p,m plasmid of the mutants would be lost or the copy number of it would be reduced, because pSLel replicates by the same replication machinery as that of the 2,um plasmid. DNA was prepared from each Leu-strain which failed to complement the leu2 testers and analyzed by agarose gel electrophoresis. All the strains had lost pSLel, and 10 strains gave very faint bands of 2,um on the gel, whereas 11 strains retained 2,um at a copy number comparable to that of the wild type (data not shown). To examine whether the phenotype of these 10 mutants was due to mutations occurring in chromosomal genes, each of 6 mutants was crossed grown on YPD plates with grids. Then the Leu phenotype was tested for each isolate by replica plating onto SD. When the spores were crossed with Map+ cells, essentially all the diploids showed the Leu+ phenotype: Map+/Mapheterozygous diploids could stably maintain pSLel. This result also confirmed that every spore received pSLel during meiosis. If a map mutation in a spore and a map mutation in a haploid cell can complement each other, none of the diploids should be Leu-. In contrast, half of diploid clones would be Leu-if these two map mutations are located in the same gene. As shown in Tables 3 and 4 , the appearance of Leu-diploids was consistently higher than expected for diploids of complemented pairs. The reason we found less than 50o Leu-in noncomplementing pairs is not clear, but this was frequently observed in the complementation test of the mak genes (43) . Thus, we concluded that all the map mutations tested so far occurred in the same gene, which was designated mapi (maintenance of plasmid).
Unstable maintenance of other minichromosomes. As described above, the phenotype of the mutants appeared to be a reduction of copy number of the 2,um plasmid. Apparent defects in host cells could not be detected, although the growth rate of some of the mutants, for example, TM83, was slower than the parent. When DNA was prepared from several clones after single-colony isolation and the 2,um plasmid was detected by Southern analysis, the cultures of the mutants were found to be a mixture of cells containing 2,um and those without it (data not shown). Thus, the mutations may cause the plasmid to be unstable because of either low levels of replication of uneven partitioning of the plasmid. To distinguish these cases, various hybrid plasmids were introduced into the mutants and the stability of those plasmids was tested. YEp13, a YEp vector containing the origin of the 2p.m plasmid and the STB locus (7) was less stable (13%) in TM83 [cir+] than in the wild type (wt) (57%) ( Table 5 ). The STB locus is a cis-acting site on 2,um which is required for its stable maintenance and is probably respon- a Plasmid stability was checked as described in Materials and Methods. The structure of the plasmids pYK2107 and pYK2100 is shown in Fig. 2a .
sible for the partitioning of the plasmid (20) . Even though the plasmid carried a functional centromere sequence, another cis-acting component for stability, the plasmid, pYK2107, was unstable (Fig. 2a , Table 5 ); a circular minichromosome as well as 2,um was also affected in the mutant. Thus, replication of extrachromosomal elements may be defective in the mutant, because their stability was independent of partitioning systems. Furthermore, ARSl, a chromosomal replication origin, was also sensitive to the mutation, since the plasmid pYK2100 carrying ARSI and CEN4 was unstable.
Plasmids produced in vivo bypassing mqpl mutation. During tetrad analysis of Map+/Map-diploids, Leu+ papillae arose in the lawn of Map-clones. Tests were performed to determine whether the Leu+ papillae resulted from reversion of the map) mutation or from a compensating alteration of the plasmid DNA. W667-1A (1eu2 his4 mapJ-TM68) clones containing Leu+ papillae were crossed with W667-1D (leu2 adel mapJ-TM68) cells, and Leu+ diploid W683 was isolated. When the sporulated diploid was dissected, four spore clones were Leu+ among four asci tested. Ade and His markers segregated 2+:2-in the same cross. Two spore clones from W683, W683-1A and 1D, were characterized further. When these two strains were grown overnight in YPD, Leu-cells arose in the cultures: 13 Leu-per 96 clones of W683-IA and 2 Leu-out of 96 clones of W683-1D. This mitotic instability of the Leu+ phenotype suggested that the Leu+ phenotype was inherited by a Leu+ plasmid. However, no pSLel band could be detected by electrophoresis in agarose gels in either strain. Instead, a plasmid DNA band appeared at the position of 2,im (data not shown). To prove that W683-lA retained the map) mutation, Leu-clones from W683-1A obtained by curing the Leu+ plasmid were crossed with YAT374. The Leu phenotype segregated 2+ :2-in 11 complete asci dissected, indicating that W683-1A retained the map) mutation. Therefore, a new plasmid carrying the LEU2 gene must arise in vivo, whose maintenance was no longer dependent on the MAP) gene.
The plasmid remaining in W683-1A was named pMAI (map independent) and its sequence was deduced by Southern blotting experiments. For the blotting experiments, pMAI was purified from one clone which appeared to contain a low amount of endogenous 2,um DNA. This clone was chosen to reduce the signal of 2,um DNA in the blotting experiments, in which both 32P-labeled 2,um DNA and pSLel DNA were used as probes. As shown in Fig. 2b , the size of pMAI was similar to that of 2,um, and the plasmid must be derived from a recombination event between 2pRm and pSLel, followed by extensive structural rearrangements. When we cloned the PstI-HindIII fragment containing the replication origin of pMAI, the plasmid pYK2155 (Fig. 2b) gene library, we searched for plasmids which could overcome the mutation. Total S. cerevisiae DNA was partially digested with the restriction enzyme Sau3A and cloned into the BamHI site of YEp13, which contained LEU2 as a selective marker. About 2,000 Leu+ transformants of TM83 [cir+] were pooled and grown in nonselective medium for about 40 generations. Individual colonies of Leu+ survivors were checked for plasmid stability, and from two transformants which gave high stability, plasmids were recovered and characterized further.
Plasmid harboring additional ARSs. The stability of pYK2162, carrying a 3.7-kb insert, was 63%, compared with 13% for YEp13 in map-strain YK9-2 (Fig. 3a) . When this inserted fragment was connected with the YCp vector, the resulting plasmid pYK2171 was stabler (90%) than the parent, YCp19 (31%). Subcloning experiments demonstrated that a 1.4-kb HindIII-EcoRI fragment from pYK2162 was responsible for the plasmid stability (pYK2173). When the replication origin of the vector was removed by deleting the KpnI fragment from pYK2162 to make YIp-type plasmid pYK2167 and the linear plasmid was integrated into the chromosome, it did not suppress the mutation: YEp24(4) was unstable in YK9-2(pYK2167). Thus, it acted only in cis. The transformation efficiency of pYK2167 itself was high, suggesting that it carried ARS activity. And ARS was located within the 1.4-kb EcoRI-HindIII fragment (pYK2176; see (Fig. 4b) . was unstable in the mutant. These facts may suggest that plasmid stability is affected by the number of ARSs on its contiguous DNA chain. To check this possibility, we constructed the following plasmids: pYK2180, harboring three copies of ARSI; pYK2179, bearing two copies of ARS1; and YCp19, carrying one copy of ARSI (Fig. 4a) . These had plasmid stabilities of 98, 91, and 31%, respectively.
Plasmids containing a set of 2,m IR sequences. The other type of plasmid which was stably maintained in the mutants had a set of 2,um IR sequences. One pair of plasmids, pYK2181 and pYK2161, were isolated from a transformant (Fig. 3b) . Southern analysis showed that the 2.6-kb insert of pYK2181 was derived from 2p.m (data not shown). Structural analysis by restriction enzyme showed that it contained IR2 of the A type from 2p.m, and pYK2161 must be a recombination product between IR2 in the insert and IR1 on the vector YEp13, mediated by FLP protein from endogenous 2p.m. When a DNA portion carrying IR2 was removed by deleting the HindIII fragment of pYK2161, which gave 52% stability in TM83, the plasmid pYK2165 (9%o) was now as unstable as YEp13.
DISCUSSION
We have isolated mutants of S. cerevisiae in which pSLel, a derivative of the 2,um plasmid, was poorly maintained.
Other minichromosomes as well as 2t.m were mitotically unstable in those strains, although the extent of stability for various plasmids differed. For example, YCp5O (61%) was stabler than YCp19 (31%) in YK9-2: these two plasmids have the same structural elements (ARSJ, CEN4, URA3, and pBR322), but the arrangement on the plasmids is different. Nonetheless, plasmids carrying ARSJ or the 2,um origin and CEN4 or the STB system were always mitotically less stable in the mutant than the wt. (7) . The BamHI-SalI fragment of pYK2162 was inserted between the BamHI and SalI sites of YCp19 (35) diploids, all the spores received pSLel, but mutant clones lost pSLel after the germination step so that the segregation pattern was 2+:2-. In contrast, the segregation pattern of YEp13 was 4+ :0-(unpublished result). Subsequently, YEp13 was mitotically unstable in the mutant clones as above. One copy of YEp13 should be enough for Leu+, while many copies of pSLel are required, because the LEU2 gene on pSLel is defective and the expression of the gene is about 5% of the wt (12) .
All the mutants isolated by the present selection were in the same complementation group, mapi. Tye and her collaborators had isolated similar mutants in which YCp plasmids containing centromeres were poorly maintained and classified them into 16 complementation groups (26) . Among those, YEp13 was rather unstable in one of the groups. That mutation could be the same as map]. It is not clear why we isolated only one type of mutation. We used pSLel as a selective marker plasmid instead of YCp plasmids. The copy number of pSLel should be much higher than YCp plasmids.
The mutant would be deficient in replication, because plasmids containing a functional centromere sequence as a partitioning apparatus were also unstable, although we cannot rule out the possibility that the MAP] gene regulated both partitioning systems, CEN and STB of 2,um. The structural analysis of compensating plasmids supports the notion, however, that the MAP] gene modulated replication, probably at the level of the initiation of replication. As described above, one of the compensating plasmids carried the replication origin, ARSX, in addition to ORI of 2pum. Moreover, plasmids containing more than one copy of ARSI appeared to be stabler than the plasmid harboring only one copy. ARSI on the plasmid is known to be responsible for initiating duplication once every cell cycle (13 
